Introduction
============

Non-small cell lung cancer (NSCLC) accounts for \~85% of all lung cancer cases which is the leading cause of cancer related mortality in the world and the second most common cause of death in developed countries, after cardiovascular diseases ([@b1-ol-0-0-10447]). Several meta-analyses of data from large randomized controlled trials support the view that cisplatin-based adjuvant chemotherapy alone or in combination with neoadjuvant treatment regimens provides a significant survival advantage for stage IB-III NSCLC patients ([@b2-ol-0-0-10447]--[@b5-ol-0-0-10447]). However, individual patient outcomes for any given regimen is still highly uncertain and overall survival remains only 15% across all stages. One of the main reasons for unsatisfactory survival rates in patients with lung cancer is intrinsic or acquired multidrug resistance (MDR). Multiple cellular mechanisms are involved in MDR *in vivo* and these are partially reflected by *in vitro* chemoresistance profiles of NSCLC cells ([@b6-ol-0-0-10447]--[@b11-ol-0-0-10447]). Research on MDR mechanisms has been mainly on proteins involved in membrane transport, cell cycle and DNA repair pathways but recently, lipid metabolites including sphingolipids, have emerged as an important player in a number of fundamental biological processes with relevance to cancer pathogenesis and therapy ([@b12-ol-0-0-10447]).

Sphingolipids are a family of membrane lipids with structural roles in the regulation of the fluidity and sub-domain structure of the lipid bilayers ([@b13-ol-0-0-10447]). They are metabolized, giving, rise to signaling molecules such as ceramide, sphingosine and sphingosine 1-phosphate (S1P) that are associated with cellular activities crucial for health and disease, notably in cancer ([@b14-ol-0-0-10447]). The generation of endogenous ceramide and/or sphingosine in response to stress stimuli is associated with senescence, growth arrest and apoptosis ([@b15-ol-0-0-10447],[@b16-ol-0-0-10447]). In contrast, S1P plays a key role in mediating cell proliferation, survival, migration and angiogenesis ([@b17-ol-0-0-10447]--[@b19-ol-0-0-10447]). It is one of most important sphingolipid metabolites as it is involved in the onset or progression of pathological conditions such as autoimmune diseases, cardiovascular conditions, diabetes and cancer ([@b20-ol-0-0-10447]).

By converting sphingosine into S1P, the sphingosine kinase-1 isoform (SphK1) ([@b21-ol-0-0-10447]) alters the ceramide/sphingosine/S1P balance ([@b22-ol-0-0-10447]). It effectively regulates drug-induced apoptosis and serves as a chemotherapy/radiotherapy sensor in both cell cultures and animal models of various tumors ([@b23-ol-0-0-10447]--[@b28-ol-0-0-10447]) including NSCLC ([@b29-ol-0-0-10447],[@b30-ol-0-0-10447]).

Several studies have examined the prognostic and predictive value of SphK1 in solid tumors. In a series of 48 malignant astrocytomas, SphK1 mRNA expression levels correlated with patient survival, with a three-fold increase in median survival in patients with low compared to high expression ([@b31-ol-0-0-10447]). A recent meta-analysis including thirty-four studies of SphK1 expression in 4,673 patients showed that there was a significant difference in SphK1 expression between cancer, normal tissue adjacent to cancer and benign tissues, as well as different cancer types ([@b32-ol-0-0-10447]). In addition, SphK1 expression was associated with 5-year and overall survival rates in breast, gastric and other cancers ([@b32-ol-0-0-10447]). The prognostic value of SphK1 was confirmed in breast cancer where the upper quartile of mRNA SphK1 expression correlated with poor prognosis, irrespective of the estrogen receptor status ([@b33-ol-0-0-10447]). Assessing S1P content has also been postulated to have diagnostic potential in ovarian cancer, as shown by a significant increase in the product of its activity, in ascites ([@b34-ol-0-0-10447],[@b35-ol-0-0-10447]). A significant increase in both SphK1 expression and enzymatic activity has also been found to be correlated with aggressiveness in prostate cancer specimens at the time of surgery ([@b34-ol-0-0-10447],[@b35-ol-0-0-10447]).

In lung cancer tissue, increased expression of mRNA and protein levels of SphK1 is also seen, compared to adjacent normal lung tissue, and increased SphK1 expression was significantly correlated with tumor progression and poor survival in patients with NSCLC ([@b30-ol-0-0-10447]). In NSCLC cell cultures, enforced expression of SphK1 significantly inhibited doxorubicin- and docetaxel-induced apoptosis, and is associated with upregulation of the antiapoptotic proteins Bcl-xl, c-IAP1, c-IAP2, and TRAF1 ([@b30-ol-0-0-10447]). In contrast, silencing SphK1 expression or inhibiting SphK1 activity with a pharmacological inhibitor significantly enhanced the sensitivity of NSCLC cells to apoptosis induced by chemotherapeutics both *in vitro* and *in vivo* ([@b30-ol-0-0-10447]). Moreover, overexpression of SphK1 is associated with activation of the PI3K/Akt/NF-κB pathway, inhibition of which abrogates the antiapoptotic effect of SphK1 in NSCLC cells ([@b30-ol-0-0-10447]).

S1P can be irreversibly degraded by the S1P lyase (S1P lyase) which is highly conserved throughout evolution and is required for the maintenance of physiological levels of S1P and other sphingolipid intermediates ([@b36-ol-0-0-10447]). S1P lyase expression potentiates apoptosis in response to DNA damage and other stressful stimuli through a cascading mechanism that involves p53, PIDD and caspase-2 ([@b37-ol-0-0-10447]). Enforced expression of S1P lyase in HEK293 and A549 human lung cancer cells increased sensitivity to cisplatin and carboplatin ([@b38-ol-0-0-10447]). The first piece of evidence of the loss of S1P lyase expression in a human neoplasm was reported in prostate cancer patients where an inverse correlation was found between both SphK1 and S1P lyase expression and activity, suggesting an overall tumor increase in S1P ([@b27-ol-0-0-10447]).

As the prognostic role of SphK1 in NSCLC needs further validation and given the dearth of literature on SphK1 expression in patients with adjuvant platinum-based chemotherapy, our primary aim was evaluate the prognostic and predictive value of SphK1 expression. We also analyzed S1P lyase expression for the first time in NSCLC patients.

Patients and methods
====================

### Patients and samples

A total of 176 archival formalin-fixed, paraffin-embedded (FFPE) tissue samples from an NSCLC patient cohort were acquired from the University Hospital in Olomouc. Informed, written consent for the use of tissues and clinical data was obtained from all participants and the studies were carried out according to the latest Declaration of Helsinki. In addition, the present study was approved by the Ethics Committee of University Hospital Olomouc and Medical Faculty, Palacký University (Olomouc, Czech Republic) on June 2011. Patients were diagnosed and underwent subsequent radical surgery between 1996 and 2000 and 2005--2011. Slides, with routinely stained sections from each case, were re-examined by two independent pathologists and re-classified according to the WHO classification of tumors (2015). The cohort consisted of 122 men and 54 women, of whom, 51 patients were in clinical stage I, 23 in stage II, and 84 in stage III and 8 in stage IV. A total of 95 patients had received adjuvant chemotherapy (aCHT), of whom 21 were treated with the combination of cisplatin and navelbine (18 patients with 4× cycles, 2 patients with 3× cycles an 1 patient with 1× cycle), 71 patients were treated with the combination of carboplatin and navelbine (64 patients with 4× cycles, 5 patients with 3× cycles and 2 patients with 1× cycle). Of the remaining three patients, one was treated with the combination of carboplatin and gemcitabine (4× cycles), one with carboplatin and doxorubicin (4× cycles) and one with carboplatin and paclitaxel (4× cycles). Detailed characteristics of patients are given in [Tables I](#tI-ol-0-0-10447){ref-type="table"} and [II](#tII-ol-0-0-10447){ref-type="table"}. Disease-free survival (DFS) was determined as the interval from diagnosis to disease recurrence, with a median of 27 months (25% and 75% quartiles; 8 and 130 months, respectively). Overall survival (OS) was determined as the time from diagnosis to disease specific death (median, 38 months; 25% and 75% quantiles; 9 and 140 months, respectively).

### Immunohistochemistry

Formalin-fixed and paraffin-embedded (FFPE) specimens were cut in 4 µm sections, mounted on silane-coated slides, deparaffinized in xylene and rehydrated by washing in serial dilutions of ethanol. Antigen retrieval was performed in an automatic multifunctional microwave tissue processor (T/T MEGA) at 95°C for 5 min, using citrate buffer at pH 6.0. Endogenous peroxidase activity was blocked with 0.3% hydrogen peroxide for 15 min. Nonspecific binding was blocked with 5% horse serum in phosphate buffered saline (PBS). Sections were incubated in primary antibody against SphK1 ([@b38-ol-0-0-10447]) and S1P lyase (cat. no. HPA023086; Sigma-Aldrich). Specific binding was visualized using the Envision dual link system (Dako).

IHC stained slides were evaluated by three independent pathologists (J.S., T.T., M.G.) and scored according to the histoscore method (H score method). The histoscore grades staining intensity as negative (0), weak ([@b1-ol-0-0-10447]), moderate ([@b2-ol-0-0-10447]) and strong ([@b3-ol-0-0-10447]) and then multiplies the percentage of tumor cells within each category. The histoscore range is from 0 (minimum) to 300 (maximum). Agreement between observers was calculated using an interclass correlation coefficient.

### Statistical analysis

Correlations between the levels of examined proteins and survival parameters of the patients and their clinicopathological features were analyzed using statistical software IBM SPSS statistics v.22 (IBM Corp., Armonk, NY, USA). The Kruskal-Wallis test with Bonferroni\'s correction was applied for nonparametric comparisons of independent groups. For survival analysis, Kaplan-Meier curves were calculated, and tests of statistical significance were based on log-rank statistics. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Immunohistochemical distribution of SphK1 and S1P lyase in normal adjacent and NSCLC tissue

Immunohistochemical staining of normal adjacent lung tissue and the distribution of SphK1 and S1P lyase were examined in several formalin-fixed paraffin-embedded tissue sections from non tumoral regions of the lung. Normal pseudo-stratified columnar epithelial cells in bronchiole ([Fig. 1A](#f1-ol-0-0-10447){ref-type="fig"}) stained very intensely on the apical surface at the point of ciliary attachment for SphK1. The staining of SphK1 in bronchiolar cartilage, is shown in [Fig. 1B](#f1-ol-0-0-10447){ref-type="fig"}. Interestingly, SphK1 levels appear to be related to chondrocyte maturation. Although immature chondrocytes showed moderate staining for SphK1, mature chondrocytes were devoid of staining. Alveolar parenchyma and type II pneumocytes exhibited a weak staining for SphK1 (not shown). Moderate to strong staining of S1P lyase was shown in normal pseudo-stratified columnar epithelial cells and type II pneumocytes ([Fig. 2A and B](#f2-ol-0-0-10447){ref-type="fig"}).

NSCLC samples exhibited various immunostaining patterns for SphK1 ([Fig. 1C-E](#f1-ol-0-0-10447){ref-type="fig"}) and S1P lyase ([Fig. 2C-E](#f2-ol-0-0-10447){ref-type="fig"}). Staining for both markers were mainly cytoplasmic and membranous and varied from weak to strong. Nuclear positivity of SphK1 was also seen in some cases. Adenocarcinomas showed the strongest expression of both SphK1 and S1P lyase (P\<0.0001 and P=0.001 respectively; [Fig. 3A-B](#f3-ol-0-0-10447){ref-type="fig"}). Staining for both markers was conspicuously absent in the surrounding stroma. IgG control staining for SphK1 and S1P lyase respectively are shown in [Fig. 1F](#f1-ol-0-0-10447){ref-type="fig"} and [Fig. 2F](#f2-ol-0-0-10447){ref-type="fig"}. Overexpression of SphK1 was significantly associated with more advanced disease stage (P=0.008; [Fig. 3C](#f3-ol-0-0-10447){ref-type="fig"}), while there was a non-significant trend of S1P lyase association with advanced stage (P=0.06; [Fig. 3D](#f3-ol-0-0-10447){ref-type="fig"}).

### The predictive value of SphK1 and S1P lyase in NSCLC patients

The Kaplan-Meier survival analysis showed that overexpression of SphK1 (dichotomized for median) was significantly associated with poor overall survival in patients treated with platinum based chemotherapy (P=0.035). However, the overall survival difference was not significant in patients treated with surgery only. With regards to disease free survival, there was a trend to high SphK1 expression association with poor outcome (P=0.09), which was not seen in patients treated by surgery alone ([Fig. 4](#f4-ol-0-0-10447){ref-type="fig"}).

We found no statistically significant association between S1P lyase expression and survival outcomes ([Fig. 5](#f5-ol-0-0-10447){ref-type="fig"}) and no inverse correlation between SphK1 and S1P lyase as reported for prostate cancer ([@b27-ol-0-0-10447]).

Discussion
==========

In the present study, we analyzed the prognostic and predictive value of SphK1 and S1P lyase, two key enzymes that control S1P content in cells, in patients with NSCLC treated with adjuvant chemotherapy based on carboplatin and navelbine. NSCLC samples exhibited various immunostaining patterns for both SphK1 and S1P lyase.

We found that SphK1 staining was mainly cytosolic and membranous with the highest expression seen in adenocarcinomas. Our observations are in line with the findings of Johnson *et al* ([@b39-ol-0-0-10447]), who originally evaluated the expression of SphK1 in normal and cancerous lung tissue. Nuclear positivity of SphK1 has rarely been observed, however the biological significance of this expression is not known.

So far, only one study appears to have examined the prognostic and predictive role of SphK1 in NSCLC. In 2011, Song *et al* ([@b30-ol-0-0-10447]) showed that immunohistochemical expression of SphK1 was markedly increased in NSCLC and, in relation to clinical stage and TNM classification. In agreement with this study, we found a statistically significant correlation between SphK1 expression and clinical stage. Significantly, overall survival of patients with high SphK1 expression was found to be shorter than in patients with low SphK1 expression ([@b30-ol-0-0-10447]). However, these authors did not stratify patients according to adjuvant chemotherapy. To the best of our knowledge, no clinical studies have ever examined the role of SphK1 in platinum-based chemotherapy resistance in patients. We show for the first time that high SphK1 expression is associated with shorter overall survival and increased risk of disease relapse in patients with NSCLC treated with adjuvant chemotherapy.

Several studies have examined the relationship between SphK1 and platinum sensitivity *in vitro*. In colon cancer cells, it has been shown that downregulation of SphK1 enhances cisplatin sensitivity ([@b40-ol-0-0-10447]). In gastroesophageal cancer cells, cisplatin resistance is correlated with increased SphK1 mRNA expression ([@b41-ol-0-0-10447]). With regards to lung cancer, cisplatin-resistant lung cancer cell line H460/DDP has been characterized by overexpression of SphK1 compared to the parental cell line ([@b42-ol-0-0-10447]). Collectively, these data suggest an important role of SphK1 in mediating cisplatin sensitivity, at least *in vitro*.

In conclusion, the present study is the first to examine the immunohistochemical expression of both S1P lyase and SphK1 in NSCLC in relationship to survival in patients treated with adjuvant chemotherapy. Our data validate the prognostic role of SphK1 expression in patients with NSCLC, including those treated with adjuvant platinum-based chemotherapy.
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![SphK1 staining in normal adjacent and NSCLC tissues. (A) SphK1 staining in normal pseudo-stratified columnar epithelial cells of the bronchiole. (B) Bronchiolar cartilage (IHC staining; magnification, ×200). (C) SphK1 staining in adenocarcinoma of the lung, (D) squamous cell carcinoma of the lung and (E) large cell carcinoma of the lung. (F) Matched Immunoglobulin G control (IHC staining; magnification, ×200). NSCLC, non-small cell lung cancer; IHC staining, immunohistochemical staining; SphK1, sphingosine kinase-1.](ol-18-02-1259-g00){#f1-ol-0-0-10447}

![S1P lyase staining in normal adjacent and NSCLC tissues. (A) S1P lyase staining in normal pseudo-stratified columnar epithelial cells and (B) type II pneumocytes (IHC staining; magnification, ×200). (C) S1P lyase staining in adenocarcinoma of the lung and (D) squamous cell carcinoma of the lung. (E) Loss of S1P lyase expression in large cell carcinoma of the lung. (F) Matched immunoglobulin G control (IHC staining; magnification, ×200). NSCLC, non-small cell lung cancer; IHC staining, immunohistochemical staining; S1P, sphingosine 1-phosphate.](ol-18-02-1259-g01){#f2-ol-0-0-10447}

![Distribution of SphK1 and S1P lyase in different histological subtypes and grades of NSCLC. (A) The highest expression of SphK1 was observed in ADC, followed by LCC and SCC (P\<0.0001). (B) The highest expression of S1P lyase was observed in ADC, followed by LCC and SCC (P=0.001). (C) SphK1 expression is higher in stage III--IV patients when compared with stage I--II ones (P=0.008). (D) S1P lyase expression is higher in stage III--IV, but not significantly difference (P=0.016). NSCLC, non-small cell lung cancer; ADC, adenocarcinoma; SCC, squamous cell carcinoma; LCC, large cell carcinoma; TNM, tumor, node, metastases; SphK1, sphingosine kinase-1; S1P, sphingosine 1-phosphate.](ol-18-02-1259-g02){#f3-ol-0-0-10447}

![Kaplan-Meier survival curves for dichotomized SphK1 expression. The overexpression of SphK1 is associated with significantly lower OS and DFS in patients treated with carboplatin and navelbine, whilst there is no significant association between SphK1 expression and survival outcomes in patients treated with surgery only. SphK1, sphingosine kinase-1; Pt, platinum; Cum survival, cumulative survival; OS, overall survival; DFS, disease free survival.](ol-18-02-1259-g03){#f4-ol-0-0-10447}

![Kaplan-Meier survival curves for dichotomized S1P lyase expression. The overexpression of S1P lyase is not associated with OS and DFS neither in surgery nor in the adjuvant treatment group of patients. S1P, sphingosine 1-phosphate; Pt, platinum; Cum survival, cumulative survival; OS, overall survival; DFS, disease free survival.](ol-18-02-1259-g04){#f5-ol-0-0-10447}

###### 

Clinicopathological characteristics of NSCLC patients treated with surgery only.

  Clinicopathological characteristics   Total n (n=78)   Percent (%)
  ------------------------------------- ---------------- -------------
  Age, years                                             
    ≤64                                 44               56.4
    \>64                                34               43.6
  Gender                                                 
    Female                              19               24.4
    Male                                59               75.6
  Histology                                              
    ADC                                 39               50.0
    SCC                                 28               35.9
    LCC                                 11               14.1
  Grade                                                  
    G1                                  14               17.9
    G2                                  27               34.6
    G3                                  34               43.6
    ANP                                 3                3.8
  TNM stage                                              
    I                                   23               29.5
    II                                  6                7.7
    III                                 34               43.6
    IV                                  5                6.4
    Missing                             10               12.8
  T                                                      
    1                                   28               35.9
    2                                   25               32.1
    3                                   9                11.5
    4                                   6                7.7
    Missing                             10               12.8
  N                                                      
    0                                   43               55.1
    1                                   10               12.8
    2                                   14               17.9
    3                                   1                1.3
    Missing                             10               12.8
  M                                                      
    0                                   63               80.8
    1                                   4                5.1
    2                                   1                1.3
    Missing                             10               12.8

NSCLC, non-small cell lung cancer; ADC, adenocarcinoma; SCC, squamous cell carcinoma; LCC, Large cell carcinoma; TNM, tumor, node, metastases.

###### 

Clinicopathological characteristics of NSCLC patients treated with adjuvant chemotherapy.

  Clinicopathological characteristics   Total n (n=95)   Percent (%)
  ------------------------------------- ---------------- -------------
  Age, years                                             
    ≤64                                 48               50.5
    \>64                                47               49.5
  Gender                                                 
    Female                              35               36.8
    Male                                60               63.2
  Histology                                              
    ADC                                 26               27.4
    SCC                                 47               79.5
    LCC                                 22               23.1
  Grade                                                  
    G1                                  9                9.5
    G2                                  20               21.1
    G3                                  62               65.3
    ANP                                 4                4.2
  TNM stage                                              
    I                                   28               29.5
    II                                  17               17.9
    III                                 47               49.5
    IV                                  3                3.2
  T                                                      
    1                                   11               11.6
    2                                   63               66.3
    3                                   13               13.7
    4                                   8                8.4
  N                                                      
    0                                   44               46.3
    1                                   20               21.1
    2                                   30               31.6
    3                                   1                1.1
  M                                                      
    0                                   93               97.9
    1                                   2                2.1

NSCLC, non-small cell lung cancer; ADC, adenocarcinoma; SCC, squamous cell carcinoma; LCC, Large cell carcinoma; TNM, tumor, node, metastases.
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